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A HIGH-POWER RF LINEAR ACCELERATOR FOR FELS*

R. L. ShefTield and J. M. Watson
Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract

In this paper we describe the design of a high
average current rf linear accelerator suitable for
driving short-wavelength free-electron lasers (FEL).
We conclude that the design of a room-temperature rf
linear accelerator that can meet the stringent
requirements of a high-power short-wavelength FEL
appears possible. The accelerator requires the use ofan
ndvanceg photoelectric injector that i3 under
development; the accelerator components, however, do
not require appreciable development. At these large
beam currents, low-frequency, large-bore room-
temperature cavities can be highly efficient and give
the specifled performance with minimal risk.

Introduction

The design of a high average current rf linear
accelerator suitable for driving short-wavelength free-
electron lasers (FEL) is described. Some of the overall
parameters are listed in Tablel. The high average
current is necess for conversion of the required
average power to light by the FEL. A high peak
current is needed to achieave high gain and a large
conversion efficiency. The hig Tlin is especially
important in reducing the optica loldinﬁ on the
oscillator resonator mirrors. Higher g..'ns allow more
outcoupling, thereby reducing the circulating optical
power within the resonator. Another critical
parameter s the beam quality (emittance). For good
energy-conversion efl.ciency at short wavelengths, the
emittance growth of the electron beam must be
minimized through all stages of acceleration and
transport,

Table 1 Accelerator Parameters

Average current 1.76 A
Peak current 2000 A
Normalized emittance | <100 n: mmmrad
Resonant frequency 500 MH:
Charge per micropulse |28nC
Micropulse repetition 62.5 MHz

rate

The approach for achieving these stringent
simultaneous requirements contains the following
elements:

¢ A laoser-gated photecnthode, immersed in a high-
gradient rf cavity, to produce high-quality
electron bunches, which are quickly mccelerated
out of the space-charge.-dominated merry range.
‘The bunches require a further compression factor
ofonly 4 to acinieve the required pask current.

¢ A magnetic compression stage at 10 MeV to
nchieve electronbunching.
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® Rocm-temperature accelerators, operated at
500 MHz, to maintain beam quality, to avoid
bearn breakup, and to utilize existing rf power
sources. (Independent accelerating cavities are a
good match to the power sources, are easily cooled,
and provide redundancy in case of component
failure.)

¢  Energy recovery of the residual electron-beam
power to substantially reduce the rf power and
electron beam dump requirements.

Ph ic Inj r
Introduction

Conventional injectors use a pulsad thermionic
emitter of low peak brightness followed by a bunching,
or phase compression, system that increazes the pea
current by a large factor. Ideally, the peak brightness
should increasa in proportion to the bunching factor; in
reality, however, the result always falls short of the
ideal. An additional shortcoming in the conventional
type of buicher is that a repetition rate in excess of a
few tens of megahertz is beyond the state of the art of
electronically switched thermionic triode slectron
guns. Diode and triode guns have been operated in an
rf cavity to produce electron pulses of width somewhat
less than one-quarter of the rf pariod.!? The ultimate
upper limlt to this technique for triode guns may be the
power dissipation in the Erld.

The required peak and average currents are
clearly high and are beyond the capability of present
conventional injector technology. With this under.
standing, Los Alamos has undertaken a program to
develop a promising new type of injector called the
laser photoslectric injector. The new development
combines proven mode-locked lasers and semi-
conductor photoemitter electron sources. The point of
departure of the Los Alamos innovation is the
combination of proven tachnologies in a single entity,
the rf-gun cavity.

Photocathode Emjtter

In recent years, ghot.ocnhodu for polarized
electron sources have been made from walors of
GaAs.*® Current densities as high as 180 A/cm?2 have
been reported.® Photoemitters of cesium antimonide
(Ce38b) emit electrons in the subpicosacond to
picosacond time range bacause of the short absorption
depth of light.! By contrast, the intrinsic emission-
time uncertainty of GaAs has been measured in the
range from 8 to 71 ps for active layers between 50 nm
and 2pm inthickness.

A C»38b photocathode was chosen for its eav» of
rroplrltion within the vacuum environment or the
inac and for its relative tolerunce to vacuum
condltions in the injector linac.” A photoinjector linac
must be bakeable in its entirety to about 200°C and
must be capable of maintaining a pressure below 109
torr, preferably 10-10 torr, A damaged Cl.’LSb photo-
cnthode can be erased by heating to 400°C, then a new
one ilT:rlplrcd insitu,

e spectral response® of Cs38b includes quantum
energies of doubled Nd;YAG (A = 532 nm) and tripled
(A = 385 nm). A Nd:YAQ laser can readily ba mode.
locked to deliver 80-ps pulse trains at a microscopic
repetition rate In a range from 30 to 120 MHz.



In 19835, the achievement of high peak currents
from a Cs3Sb photocathode was reported.® Laser-
driven Csaéb pﬁowcathodes also have been used to
produce an intrinsically bright beam:'’ more recently,
these beams have been accelerated to relativistic
energies without loss of brightness.

The Los Alamos Photoinjector Program

A proof-of-principle photoelectric gun is under
development at Los Alamos.!! The rf-gun cavity
comprises a small-diameter C33Sb photoemitter on the
end wall of the cavity, frontally illuminated by an
optical pulse train from a mode-locked Nd:YAG lager.

e laser beam is directed along the electron beam axis
of the linac. The high-intensity electric field in the rf
cavity rapidly accelerates the electron bunch train,
each bunch containing a high charge density. The
initial rf-gun experiments are being carried out at a
high frequency because a powerful klystron was
available for use at 1300 MHz. A schematic diagram of
the Los Alamos injector exper:ment is shown in Fig. 1.
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Fig. 1. The conflguration of the first experiments
includes a section for preparation of the photocathodes,
on the left, the rf gun itself, and diagriostics in the form
of an electron spectrometer and a pepper-pot plate.

Experiment Design

It is evident from simulation studies'? of the
a veleration of short bunches in an rf cavity that (a)
dense space charge and (b) the external rf fleld lead toa
degradation of beam quality and, therefore, to a loss of
brightness. Although pulses of only a few picoseconds
can be produced in a photocathode, it now seems
advisable to generate pulses that are initially about
100 ps long and then to bunch them magnatically!?'4at
energies of above 10 MeV. The acceleration of the
longer bunches is best done in a low-frequency linac to
minimize emittance growth caused by variations in the
rf fleld as the electrnn bunch exits the cavity.
Nevertheless, the emittance improvement from an
initial rapid acceleration drives the gradient higher, a
¢ondition that can only be met with high-freviuency rf
flelds.'’ A study of the envelope equation'® reveals
that for continuous beams, the dominance of sPqse
charge over emittance is adiabatically damped a3 » /4,
For bunched beams, the damping dependence on
energy is much stronge~, namely = ,'" Therefore, the
requirement of maxim.m uccelerntingl‘frndient (hence
a high frequency) to ininimize the influence of space
charge must he balanced against a conflicting need to
accept long pulses (hence n low frequency) to reduce the
emittance growth associnted with r{ flelds.

The ncceleration rate in the rf-gun cavity Is
limited by the sparking breakdown chnracteristic of
the cavity, A typieal rfcavity that has be-n optimized

for maximum effective shunt impedance ZT~- wiil have
a ratio of pesk surface electric field to average
acceleration gradient! of about 4. A lower ratio, hence
a larger maximum accelerating field, is obtained by
decreasing the curvature of the oeam-hole nose. Such a
cavity is less effTicient, but one gains a high
acceleration rate with its use.

Jones and Peter'? have shown that linear radial-
electric fields in an acceleratin? cavity lead to a lower
emittance growth for beams of uniform space-charge
density. An rf-gun cavity designed for linear radial-
electric fields automatically has a low ratio of peak
surface field to averaie accelerating field. Thereflore,
an rf-gun cavity with linear electric fields in the beam
region was chosen for thisexperiment.

In the Los Alamos photoinjector experiment, the
chosen 1300-MHz cavity desi ad an effective shunt
impedance ZT4 = 36 MQ2/m. With a peak surface field
of 60 MV/m (twice the nominal Kilpatrick breakdown
field),'® the avern’Fe accelerating gradient is 30 MeV.m,
a ratio of 2.0. The cavity power dissipation under
mazimum surface-field conditions is 0.6 MW,

After leaving the rf-gun cavity, the electron beam
passes through two iron-shielded solenoid lenses as
shown in Fig, 1. Between the two soienoids is a wall-
current monitor (WCM) of the type used in the SLC
(Stanford Linear Collider) injector.!® The transverse
emittance of the rf gun beam is measured by a pepper-
pot plate that follows the solenoics. The pepper-pot
method? uses an array of beam!cts that sa.mpfes the
whole beam to map the trar.sverse phase space. The
beamlet formed in the pepper.-pot plate (Fig. 1) drifts
80cm to & quartz screen, where it is observed by a
silicon-intensified vidicon. From a comparison of the
measured spot size on the phosphor, with the beamlet
obtained from an integration of the envelape equation,
the transverse momentum of the beam is deternnined.
The use of the envelope equation. which is valid for a
continuous beam, is implicit in this method. The
beamlet length-to-diameter aspect ratio is about 100;
Lhely:fore. the approximation to a continucus beam is
valid.

The temporal proflle of che bynches is measured
with a streak camera using the Cergnkov radiation
from a pure quartz plate (Fig, 2). The Cerenkov light is
collected by a planoconvex, 1.0 lens rlncod in contact
with a quartz viewport. The collimated light is
transported to the streak camera and focused onto the
entrance slit with an overall tnagnification of 1/10. A
sample of the lager-pulse light is merged with the
electron beam's Cerenkov light by a 45 Internally
reflecting prism in the middle of the Cerenkov light

Fig. 2. Temporal proflles of the laser heam and
phutoelectron beam are measured on u single sweep in
the strenk camera.



beam, thereby eliminating the trigger jitter in the
streak camera. The streak-camera sweeF speed was
calibrated using a variable path leng:h tor the laser
light created by a movable retroreflector on an optical
bench.

A double-focusing magnetic spectrometer is
installed on the beamline. The dispersion on the
detector plane is 0.8 cm/%, and the magnification is
unity. \Eith the aid of two solenoid lenses, a 20%
momentum band can be analyzed. Alternatively, a
127-pym-diam hole can be scanred across a beam
diameter at the object position (the pe%per-ﬂot plate) to
doa differential momentum analysis. For this purpose,
an intensified vidicon can view the detector plane
through one of two viewportsavailable.

Experimental Resulty

[nitial observation of the accelerated electron
beam from the rf gun was obtained with the WCM.
With a fast oscilloacope, the largest pulse trains
repeatedly observed had peak amplitudes of 4.4 V with
40dB of attenuation in place. The measured bunch
charge, obtained from the integrated pulse profiles,
was 27 nC, giving an average current in the pulse train
0f 2.9 A, The measured temporal profile was Gaussian
(see below), g'iving a peak current of 390 A. The
probable error in thess measurements was 20%, The
peak observed current density was > 600 A/em2,

The minimum laser pulse width obse-ved was 53
11 ps FWHM; on the same streak-camera sweep, the
electron bunch widths wcre the same to within the
experimental error (Fig. 3). We conclude, therefore,
that for the present experimental conditions, the pulse
broadening introduced by the Cs3Sb photoemission is
less than 1 ps.

Accelerator

Following the rf photoinjector, the electron
bunches are further accelerated to 10 MeV to stiffen
the beam in preparation for mng:tetic compression.
The electron bunches must accelerated to
moderately relativistic energies vefore compression
because high-density pulses can be severely aftected by
the strong space.charge forces present.  Before
magnetic compression is used. the beam energy should
be at least 10 MeV, a figure determined from
PARMELA calculations. Magnetic compression uses a
systern of bending magnets designed to have path-
length differences for particles of different momaenta.
Particles of lower moments entar first and follow a
shorter path than the ﬂ“h taken by the higher
momenta particles that follow later. Thus, of necessity
the beam bunch must have an energy that is corralated
in time. The lower the energy at which magnetic
compression is used, the smaller the energy spread that
must be corrected to meet the flnal energy-spread
requirement, A maynetic compression located alter
10-MeV [nitial acceleration gives a bunching factor of
4 (60 ps at 500 A to 15 ps at 2 kA) with an acceptable
enerdy spread.

he remainder of the accelerator consists of
inc\l;&endent room-temperature cavities with one
1 MW klystron per cuvia. This section accelerates the
1.75-A beam from 10 Me
bure of 10-cm diameter, the accelerator efficlency is
approximately 94%. The average accelerating fleld
within the cavities is 4.5 MV/m. This is high enough (2
MVin uver the length of the accelerotor) to avoid
cumulative beam brunkug. yet low enough to make the
cavity cooling manugeable. Beam breakup ot this
nvernge current can be avoided through the use of

V. Even with an enhanced
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Fig. 3. Digitized streak-camera temporal profiles of the
lasar and photinjector beamns.

staggered tuning ( £ 1 MHz) of the dipole modes.* The
peak current of 2000 A per micropulse iz maintained
throughout the linac. There should be little emittance
growth in the linac with the moderate charge per pulse
(28 nC). Every eighth bucket of the 500-MHz linac rf
field contains amicropulse.

Energy recovery is incorporated by decelernting
the beam in a parallel linac ofter bending the beam
180° and passing it through the undulator. A separate
linac ls required to allow optimization of the magnetic
uptics for the two very different beams and to avoid
regenerative beam breskup, Each decelernting cavity
is coupled to an accelerating cavity by a single cavity
that absorbs very little power, Deceleration of the
residual beam reduces the power required per

*K. Chan, Private Communication,



accelerating cavity from 1.7 to 0.6 MW. The amount of
deceleration is limited by the energy spread imposed on
the beam by a high-em};:iency FEL. Energy recovery
not only saves rt power, but it also greatly eases the
power requirements of the electron-beamdump.

Summary

The design of a room-temperature rf linear
accelerator that can meet the stringent requirements
of a high-power short-wavelength FEL appears
possible. e accelerator requires the use of an
advanced photoelectric injector that is under
development; the accelerator comporents, however, do
not require appreciable devalopment. At these large
beam currents, low-frequency, large bore room-
temperature cavities can be highly ellicient and give
the specified perforrnance with minimal risk. The
overafl efficiency ia improved by a factor of 2.2 by using
an energy-recovery technique that was recently
demonstrated at Los Alamos. FEL systems of greater

ower probably will consist of modules that will not ke
arger than thisdesign.
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